Abstract. Accumulating evidence has indicated that the light source emitted from light-emitting diode (LED) has a potential anti-aging effect on human skin. Studies using single and interval LED irradiation have documented such effects; however, to the best of our knowledge, the anti-aging effects of continuous LED irradiation have not yet been investigated. In the present study, we demonstrated that continuous irradiation with a 633±3-nm LED exerted anti-aging effects in both in vitro and ex vivo experiments. More specifically, irradiation with a 633-nm LED for 2 days increased the synthesis of type 1 procollagen and decreased the expression of matrix metalloproteinase (MMP)1 and MMP2 in skin fibroblasts. In addition, irradiation with a 633-nm LED decreased the expression levels of inflammatory genes, such has cyclooxygenase-2 (COX-2), and interleukin-1-α (IL-1α) in keratinocytes. Furthermore, a 14-day LED irradiation moderately increased keratinocyte proliferation. Using human skin explants, we confirmed the safety of this 633-nm LED irradiation, which resulted in unaltered morphology and allergy-free potential in human tissue. Overall, these data provide insight into the anti-aging effects of continuous LED irradiation on human skin.
Introduction
As the aging population continuously increases, the age-related dermatological concerns are continuously addressed by the cosmetic and medical industries (1) . Skin aging is a multisystem degenerative process, which is characterized by the loss of structural integrity and physiological function by both intrinsic and extrinsic determinants (2) . Intrinsic skin aging is caused by genetic determinants; therefore, this mechanism is an inevitable natural consequence of physiological changes in the absence of altered genetic information (3) . Extrinsic skin aging, on the other hand, is caused by extracellular factors, such as ultraviolet radiation, pollutants and nicotine; therefore, this type of aging is controllable as individuals can avoid these age-inducing factors (3) . Among the signs of skin aging, wrinkling is the primary characteristic, which is induced by decreasing collagen and increasing collagenase production (4) . Collagen, which is the most abundant protein in connective tissue in mammals, contributes to firmness and is thus vital for skin elasticity. The most common type of collagen in the skin is type 1 collagen, which comprises >90% of the collagen in the body (5) . Type 1 collagen is composed of two α1(I) chains and one α2(I) chain, which are encoded by the COL1A1 and COL1A2 genes, respectively (5) . The synthesis of type 1 collagen is transcriptionally regulated in skin fibroblast cells, and UV-induced photoaging involves the downregulation of COL1A1 and COL1A2 and the consequent loss of collagen that induces fine wrinkles. In addition, the level of collagen is regulated by its proteolytic enzymes, matrix metalloproteinases (MMPs). Studies have demonstrated that skin aging induced by UV exposure is mediated by the upregulation of MMP1 expression (6, 24) . Therefore, several cosmetic products, including epigallocatechin-3-gallate (EGCG), exert their anti-aging effects through the upregulation of collagen synthesis and the downregulation of MMPs in skin fibroblasts (7) .
In addition to the application of phytochemicals as potential anti-aging agents, several light sources have been investigated for their anti-aging effects on skin cells and tissues. Intense pulsed light (IPL) at wavelengths between 570 and 615 nm have proven to be an effective treatment for refractory melasma in Asian patients with minimal side-effects (8) . In addition Moreover, 530-nm IPL may improve inflammatory acne through the downregulation of tumor necrosis factor-α (TNF-α) (9) . Furthermore, studies have demonstrated that light-emitting diode (LED) irradiation at wavelengths of 590, 630, 633 and 660 nm is effective in photorejuvenation in vitro and in clinical studies in vivo (10) (11) (12) (13) (14) (15) . Following irradiation with a 590-nm LED, type 1 collagen levels have been shown to increase, while MMP1 levels have been shown to decrease (12) . In a previous study, irradiation with a 660-nm LED was found to modulate the levels of type 1 procollagen and MMP1 by 31 and -18%, respectively (10) . In another study, the irradiation of fibroblasts with a combination of a 630-and 830-nm LED or a 660-and 850-nm LED also increased collagen levels (14) . These clinical and in vitro studies, however, examined the effects of single Continuous irradiation with a 633-nm light-emitting diode exerts an anti-aging effect on human skin cells or interval LED irradiation, as opposed to continuous LED irradiation. Of note, to the best of our knowledge, the effects of continuous LED irradiation on skin cells and tissues have not yet been thoroughly investigated. To overcome experimental limitations, we manufactured a new cell culture incubator containing a 633-nm LED device and used this equipment to investigate the effects of continuous LED irradiation on skin fibroblasts and keratinocytes. Furthermore, for confirmation of the effects of continuous LED irradiation on human skin tissue, we cultured human skin explants in the LED incubator. We also investigated the safety of continuous LED irradiation at 633 nm by examining the levels of inflammatory genes in vitro and the migration rate of Langerhans cells to the dermis in tissues.
Materials and methods
Cell lines and chemicals. CCD-986sk normal human skin fibroblasts and HaCaT keratinocytes were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA) and Cell Lines Service (DKFZ, Eppelheim, Germany), respectively. The CCD-986sk and HaCaT cells were grown in Dulbecco's modified Eagle's medium (DMEM supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 µg/ ml streptomycin (all from Gibco Life Technologies, Grand Island, NY, USA). The 1-chloro-2,4-dinitrobenzene (DNCB) and the Dermatophagoides farinae body extract, which are agents used to induce an allergic reaction, were purchased from Sigma-Aldrich (St. Louis, MO, USA) and Biostir Inc. (Kobe, Japan), respectively.
Light source. The LED device, which emits a 633-nm wavelength, was provided by Samsung Electronics Co., Ltd. (Seoul, Korea). The spectral characteristics of the LED device were as follows: the peak wavelength was 633±3 nm and the full width at half maximum was approximately 20 nm. The effective irradiance values on the cell plates were adjusted to be 5 and 47.5 µW/cm 2 . For comparison, lighting devices with organic LEDs with the same spectral characteristics were prepared. Due to the high humidity (almost 100%) in the cell culture incubator, we sprayed a silicone varnish on the lighting devices to provide waterproofing and insulation. Cells subjected to no irradiation were used as controls.
Cell viability assay. The cytotoxic effects of the LED lights on the CCD-986sk and HaCaT cells were evaluated using a water-soluble tetrazolium salt (WST-1) assay (EZ-Cytox Cell Viability Assay kit; Itsbio, Seoul, Korea). WST-1 solution (1/10 culture medium volume) was added to the cultures, and the cells were incubated at 37˚C for 0.5 h. Cell viability was determined according to the absorbance at 450 nm using an iMark™ microplate reader (Bio-Rad, Hercules, CA, USA). All results are presented as the mean percentage ± standard deviation (SD) of 3 independent experiments.
Enzyme-linked immunosorbent assay (ELISA) for procollagen type I. The ELISA assay for procollagen type 1 was performed using the Procollagen Type I C-Peptide (PIP) EIA kit (Clontech Laboratories Inc./Takara Bio Inc., Otsu, Japan) according to the manufacturer's instructions. Briefly, the CCD-986sk cells were irradiated with a low (5 µW/cm 2 ) and high (47.5 µW/ cm 2 ) intensity LED for 24 and 72 h. Following irradiation, the cell supernatants were collected. The antibody-peroxidase (POD) conjugate solution (Clontech Laboratories Inc./Takara Bio Inc.) was transferred to a well of an anti-PIP monoclonal antibody-coated plate (Clontech Laboratories Inc./Takara Bio Inc.), and the supernatant was subsequently added. The mixed samples were incubated. After discarding the well contents, the wells were washed with wash buffer (Clontech Laboratories Inc./Takara Bio Inc.). Substrate solution (Clontech Laboratories Inc./Takara Bio Inc.) was then added to each well, and the plates were incubated at room temperature for 15 min. Stop solution (Clontech Laboratories Inc./Takara Bio Inc.) was added, and the absorbance at 450 nm was measured using an iMark microplate reader. All results are presented as the mean percentage ± standard deviation (SD) of 3 independent experiments. A p-value <0.01, as determined by the Student's t-test, was considered to indicate a statistically significant difference.
Isolation of total RNA and quantitative reverse transcription PCR (RT-qPCR).
After 24 and 72 h of irradiation, total RNA was isolated using TRIzol reagent (Life Technologies) according to the manufacturer's instructions. The purity and concentration of the RNA was evaluated based on the optical density (OD) at 260 nm and the OD 260/230 and 260/280 ratios using MaestroNano ® , a micro-volume spectrophotometer (Maestrogen, Las Vegas, NV, USA). cDNA was then synthesized using a SuperScript ® III First-Strand Synthesis System for RT-PCR (Life Technologies). Quantitative (realtime) PCR was performed using SYBR ® -Green PCR Master Mix and the SYBR ® -Green RT-PCR Reagents kit (Life Technologies) and analyzed using Line-Gene K software (Bioer Technology Co. Ltd., Hangzhou, China). The C T value for each gene was normalized to GAPDH. The 2 -∆∆CT method was used to calculate the relative expression levels of each gene. The primers used for RT-qPCR are presented in Table I .
Human skin explant-based assay. For analysis of the safety of low (5 µW/cm 2 ) and high (47.5 µW/cm 2 ) intensity LED irradiation on human skin, we utilized the expertise of BIO-EC Laboratory (Longjumeau, France). Prior to this study, the BIO-EC Laboratory submitted these procedures to the Ethics Committee for the appropriate French geographic sector (Hôpital du Kremelin-Bicêtre, Le Kremelin Bicêtre, France) via the website of the French Ministry of Health. Furthermore, BIO-EC had previously developed a professional relationship with clinics and hospitals and was thus allowed to use human skin explants that were not specifically excised for experimentation in accordance with all applicable ethical principles.
A total of 33 human skin explants obtained from an abdominoplasty from a 45-year-old female were used. The diameter of each explant was ~10 mm. The explants were preserved in BEM medium (BIO-EC's Explant Medium batch 060208) at 37˚C in a moist atmosphere containing 5% CO 2 for 12 h before the study was initiated. The DNCB solution (0.0062%) and the Dermatophagoides farinae body extract (10 mg/cm 2 ) were applied topically to each explant for 1 or 2 days. Other skin explants were irradiated with low (5 µW/cm 2 ) and high (47.5 µW/cm 2 ) intensity LED for 1 or 2 days. After the 1-or 2-day applications, the skin explants were fixed in Bouin's solution (30% formaldehyde, 5% acetic acid, 4% methyl-alcohol and 1% picric acid; BIO-EC Laboratory). Subsequently, a dehydration and impregnation process was used for the processing of the explants. During this process, water was progressively removed and replaced with ethanol using a 70% ethanol solution followed by a 95% ethanol solution. Ethanol was then replaced by butanol, and the explants were finally immersed in a bath containing paraffin at 56˚C. This 3-day process included 3 baths of 70% ethanol, 3 baths of 95% ethanol, 5 baths of butanol and 2 baths of paraffin. After the preparation, the explants were placed in blocks with a Leica EG 1160 coating station (Leica Microsystems, Nussloch, Germany), and 5-µm-thick slices were prepared using a Minot-type microtome (Leica 2125; Leica Microsystems) and pressed onto superfrosted silanized glass slides. Microscopic observations were performed using an optical microscope (Leica-type DLMB microscope; Leica Microsystems) with a x20 objective. Photomicrographs were performed captured with a CCD Sony DXC-390P camera (Sony, Tokio Tokyo, Japan) and stored with Leica IM1000 data archiving software (Leica Microsystems). The observations of general morphology were performed on paraffin slices dyed with Masson's trichrome, Goldner variant. As this study resulted in only observational and descriptive data, no statistical analysis was appropriate or feasible.
Analysis of CD1a-positive Langerhans cells.
The DNCB solution (0.0062%), the Dermatophagoides farinae body extract (10 mg/cm 2 ), and low (5 µW/cm 2 ) and high (47.5 µW/cm 2 ) intensity LED irradiation were applied topically to each explant for 1 or 2 days as described above. After the samples were fixed and paraffinized, the sections were immunostained using anti-CD1a 1gG antibody (Cat, no. sc-5265; Santa Cruz Biotechnology, Santa Cruz, CA, USA). The CD1a-positive cells were enumerated lengthways for each explant, and the number was extrapolated to the epidermic length in centimeters.
Results

Characterization of LED-induced cytotoxicity in human skin fibroblasts and keratinocytes.
We first sought to determine whether LED irradiation at a wavelength of 633 nm affects the viability of human skin cells. CCD-986sk normal human skin fibroblasts and HaCaT keratinocytes were irradiated with low (5 µW/cm 2 ) and high (47.5 µW/cm 2 ) intensity LED at 633 nm for 24 and 72 h. As shown in Fig. 1A , the exposure of the CCD-986sk cells to low intensity LED irradiation for 24 and 72 h induced no cytotoxicity, according to the results of the WST-1 assay. We also found that high intensity LED irradiation did not cause any cytotoxicity to these cells (Fig. 1B) . We then examined the LED-mediated cytotoxic effects on human HaCaT keratinocytes. The HaCaT cells were irradiated with low and high intensity LED at 633 nm for 24 and 72 h. LED irradiation-mediated cytotoxicity was not observed in the HaCaT cells irradiated with low and high intensity LED ( Fig. 1C and D) . Of note, both low and high intensity LED irradiation slightly increased the viability of the HaCaT cells. More specifically, high intensity LED irradiation for 24 and 72 h increased the viability of the cells to 102.9±1.2% and 105.7±1.3% of the control value (n=3), respectively. These results demonstrate that 633-nm LED irradiation does not induce any cytotoxic effects on CCD-986sk human skin fibroblasts and HaCaT keratinocytes.
Characterization of the LED irradiation-induced production of procollagen in human skin fibroblasts. We then examined whether irradiation with a 633-nm LED increases the production of procollagen type 1, which is synthesized and secreted by skin fibroblasts and provides strength and elasticity in skin tissue. CCD-986sk normal human skin fibroblasts were exposed to low and high intensity 633-nm LED irradiation for Table I . Sequences of the specific primers used in this study.
Gene
Direction Primer sequences
COL1A1, collagen, type I, alpha 1; MMP, matrix metalloproteinase; TNF-α, tumor necrosis factor-α; COX-2, cyclooxygenase-2; IL-1α, interleukin-1α; F, forward; R, reverse.
24 and 72 h. The levels of procollagen type 1 in the cultured cell supernatants were analyzed by ELISA using a procollagen type 1-specific antibody. The exposure of the cell cultures to LED irradiation ranging from 5 to 47.5 µW/cm 2 for 24 and 72 h increased the production of procollagen type 1 in an intensityand exposure time-dependent manner ( Fig. 2A and B) . Although LED irradiation at 5 µW/cm 2 slightly increased the production of procollagen type 1, maximal production was obtained at an intensity of 47.5 µW/cm 2 for 72 h. These conditions increased the levels of procollagen type 1 to 112.8±2.3% of the control value (n=3). These results demonstrate that a relatively high intensity of irradiation (633-nm LED) positively regulates the production of procollagen type 1 in human skin fibroblasts.
LED irradiation downregulates the expression levels of MMP1 and MMP2 in human skin fibroblasts. Subsequently, we wished to determine whether LED irradiation regulates the expression levels of COL1A1, MMP1 and MMP2. Following exposure of the CCD-986sk human skin fibroblasts to low (5 µW/cm 2 ) and high (47.5 µW/cm 2 ) intensity 633-nm LED irradiation, the expression of COL1A1, MMP1 and MMP2 was analyzed using RT-qPCR with specific primers for each mRNA sequence. As shown in Fig. 3A , exposure of the cells to low intensity LED irradiation at 633 nm for 24 and 72 h did not result in the altered mRNA expression of COL1A1, MMP1 and MMP2; however, high intensity LED irradiation at 633 nm significantly downregulated the expression of MMP1 and MMP2, but not that of COL1A1 (Fig. 3B) . Notably, following 633-nm LED irradiation at 47.5 µW/cm 2 for 24 h, the expression levels of MMP1 decreased to 96.9±0.6% of the control and those for MMP2 decreased to 90.1±0.7% of the control; following LED irradiation for 72 h, the expression levels of MMP1 decreased to 74.0±0.3% of the control and those for MMP2 decreased to 70.6±1.9% of the control (Fig. 3B ). However, the expression level of COL1A1 was not altered by low and high intensity LED irradiation in CCD-986sk human skin fibroblasts. These results indicate that 633-nm LED irradiation induces the downregulation of MMP1 and MMP2, but does not affect COL1A1 expression in human skin fibroblasts.
LED irradiation downregulates the expression of genes related to the inflammatory response in human keratinocytes.
We then investigated whether LED irradiation affects skin inflammation. HaCaT normal human keratinocytes were irradiated with low (5 µW/cm 2 ) and high (47.5 µW/cm 2 ) intensity LED at 633 nm, and the effects of this irradiation on skin inflammation were analyzed by determining the expression levels of inflammation-related genes, such as TNF-α, cyclooxygenase-2 (COX-2) and interleukin-1-α (IL-1α). Low-intensity 633-nm LED irradiation resulted in very minor changes in the expression levels of these genes in the HaCaT cells (Fig. 4A) , indicating that low intensity LED irradiation may not induce a skin inflammatory effect. High intensity 633-nm LED irradiation, however, significantly downregulated the levels of COX-2 and IL-1α (Fig. 4B) . Notably, following 47.5 µW/cm 2 LED Irradiation with a 633-nm LED induces the production of procollagen type 1 in CCD986-sk human fibroblasts. (A) Low intensity LED has little effect on the production of procollagen-1 in CCD986-sk human fibroblasts. Cells were seeded in 24-well culture dishes and irradiated with 5 µW/cm 2 LED for 24 and 72 h. After irradiation, the medium was collected, and the amount of secreted procollagen type 1 was measured using an ELISA assay. Results are presented as the mean percentage ± SD from 3 independent experiments. (B) High intensity LED increases the production of procollagen type 1 in CCD986-sk cells. Cells were irradiated with 47.5 µW/cm 2 LED for 24 and 72 h, and then the amount of secreted procollagen type 1 was determined using an ELISA assay. Data are presented as the mean percentage ± SD from 3 independent experiments.
* p<0.01 compared with the controls (no treatment).
(633 nm) irradiation for 24 h, the COX-2 expression levels decreased to of 88.2±2.4% of the controls and the IL-1α expression levels decreased to 92.3±1.8% of the control; following 72 h of irradiation, the expression levels of COX-2 decreased to 46.8±0.8% of the controls and the IL-1α expression levels decreased to 78.6±2.9% of the controls. Of note, the expression of TNF-α was not altered by LED irradiation, indicating that the expression of TNF-α was not regulated under these LED-irradiating conditions. Overall, these results suggest that 633-nm LED irradiation has a potential anti-inflammatory effect on the skin.
LED irradiation promotes the proliferation of human keratinocytes. As described above, we found that 633-nm LED irradiation was not cytotoxic and slightly increased the viability of HaCaT human keratinocytes. We therefore evaluated the long-term effects of LED irradiation on the proliferation of HaCaT cells in culture for up to 14 days. Long-term irradiation with low (5 µW/cm 2 ) and high (47.5 µW/cm 2 ) intensity 633 nm LED for 14 days did not induce cytotoxicity, but continuously and moderately promoted cell viability (Fig. 5) . Irradiation with 5 and 47.5 µW/cm 2 LED at 633 nm resulted in cell proliferation rates of 102.4 and 106.4% of the controls, respectively, indicating that long-term LED irradiation at 633 nm does not induce any cytotoxic effects on keratinocytes.
Safety of LED irradiation on human skin tissue. We sought to confirm the safety of 633-nm LED irradiation with respect to the skin allergic reaction using human skin explants. The skin explants were obtained as full-thickness human skin biopsies from an abdominoplasty of a 45-year-old Caucasian woman. The skin explants were subjected to 1 of 3 experimental conditions. The first group of samples served as the control explants (n=9), which were not treated with any agents or exposed toLED irradiation. The second group of samples served as the positive control explants (n=12), which were treated with the allergic response-inducing agents, DNCB and the Dermatophagoides farinae body extract. The third group of samples served as the experimental explants (n=12), which were irradiated with low (5 µW/cm 2 ) and high (47.5 µW/cm 2 ) intensity LED at 633 nm. The agents and LED irradiation were applied for 0, 1 or 2 days. We first analyzed the general morphology of the explants by staining with Masson's trichrome, Goldner variant. As shown in Fig. 6 , the batch irradiated with the low and high intensity 633-nm LED did not exhibit any changes in morphology on days 1 and 2, indicating that irradiation with a 633-nm LED does not induce any notable changes in skin tissue. Subsequently, we determined whether LED irradiation induces an allergic reaction in human skin by counting the number of CD1a-positive Langerhans cells in the epidermis in each batch sample. Under allergy-inducing conditions, Langerhans cells migrate from the epidermis to the dermis, resulting in a decrease in the number of positive cells in the epidermis (16) . As shown in Fig. 7 , the positive control samples, which were treated with DNCB solution and Dermatophagoides farinae body extract for 1 or 2 days, showed a decrease in the number of CD1a-positive Langerhans cells in the epidermis compared to the control batches, indicating that these agents induce an allergic reaction. However, the experimental batches, which were exposed to low (5 µW/cm 2 ) and high (47.5 µW/cm 2 ) intensity 633-nm LED irradiation for 1 or 2 days, showed only slight differences in the number of CD1a-positive Langerhans cells in the epidermis compared to the control batches (Fig. 7) . In addition, the number of CD1a-positive Langerhans cells in the epidermis in the irradiated samples was not altered in an intensity-dependent manner (Fig. 7) . Notably, the numbers of CD1a-positive Langerhans cells in the epidermis in the control batches and the batches irradiated with low and high intensity LED for 2 days were 126±11, 112±29 and 114±26, respectively, whereas the numbers of the cells in the epidermis in the positive control batches were 92±19 and 80±24, respectively (Fig. 7) . These results indicate that irradiation with a 633-nm LED does not induce allergic reactions in human skin explants.
Discussion
The present study examined the anti-aging effects of LED irradiation at a wavelength of 633 nm on human skin cells. Exposure to 5 µW/cm 2 and 47.5 µW/cm 2 irradiation from a 633-nm LED was non-cytotoxic and exerted a positive effect on skin strength and elasticity through the upregulation of procollagen type 1 molecules in human skin fibroblasts. The synthesis of collagen in the skin is regulated by transcriptional and post-translational mechanisms in fibroblasts (17, 18) . The upregulation of COL1A1, which encodes the α1 chain of type 1 collagen, directly increases the synthesis of type 1 procollagen (17) . In this study, we found that irradiation with a 633-nm LED did not increase the transcription of COL1A1, indicating that the observed LED irradiation-mediated increase in type 1 procollagen production is not a COL1A1 transcription-dependent mechanism. Rather, this effect occurs through another mechanism. The efficiency in chaperonemediated procollagen folding is also directly engaged in the level of procollagen synthesis in fibroblasts (19, 20) . In addition, studies have identified the heat shock protein (HSP)47 as a specific chaperone of procollagen and have demonstrated that the level of HSP47 is decreased in in old donor and senescent cells (20, 21) . Furthermore, a previous study found that irradiation with a toxic light source, such as ultraviolet B (UVB), significantly decreased the level of HSP47 (21) . Therefore, the LED irradiation-mediated increase in procollagen production may be induced by an alteration in the levels of a procollagenspecific chaperone protein directly or indirectly.
The atrophy of collagen fibers in skin aging predominantly results from the increased expression of the degradative enzymes, MMP1 and MMP2 (22, 23) . Therefore, MMP1 and MMP2 are considered skin aging-related genes, and the overexpression of MMP1 and MMP2 genes has been found in aged/ photoaged skin in vivo (24) . Thus, in this study, we examined the LED-mediated anti-aging effects by analyzing the expression levels of MMP1 and MMP2. We found that 633-nm LED irradiation decreased the expression of both of these genes. While low intensity LED did not markedly decrease the expression of these genes, exposure to 47.5 µW/cm 2 of 633-nm LED irradiation for 2 days (maximum dose used in this study) decreased the levels of MMP1 and MMP2 by 24 and 29%, respectively. Indeed, MMPs are essential to epidermal (keratinocyte) differentiation and the prevention of wound scars, indicating that the excessive loss of MMPs yields rather harmful effects on skin integrity (25) . In addition, such a loss in MMP expression induces keratinocyte hyperproliferation, which is one of the main characteristics of aged skin (26, 27) . We also confirmed that long-term exposure to the maximum dose of 633-nm LED irradiation resulted in a moderate increase in the proliferation rate of keratinocytes for up to 14 days. Therefore, our data indicate that a decrease in MMP1 and MMP2 expression at such a moderate level may not be harmful to skin health.
Protection of the skin from inflammatory reaction is paramount. UV irradiation and allergen exposure may lead to acute and chronic inflammation of the skin. Accumulating evidence suggests that inflammation is causally linked to carcinogenesis and acts as a driving force in the premalignant and malignant transformation of cells. Indeed, in a mouse skin model, the topical application of the inflammation-inducing agent, 12-O-tetradecanoylphorbol-13-acetate (TPA), was shown to lead to papilloma formation in mice through the enhancement of the expression of COX-2, which is a key enzyme in the inflammatory response (28) . Based on this evidence, in this study, we examined the effects of 633-nm LED irradiation on skin inflammation by analyzing the expression levels of inflammation-related genes using an in vitro cell culture model and by examining the general morphological changes and allergic effects in an ex vivo human skin model. Our data indicated that the maximum dose of 633-nm LED radiation decreased the expression levels of COX-2 and IL-1α by 53.2 and 21.4%, respectively, compared to the controls. COX-2 is a highly inducible enzyme that is involved in the production of a secondary mediator known to be triggered in many inflammatory states (29) . IL-1α, which has been identified as a useful screening tool for skin irritation, initiates a signaling cascade involved in the inflammatory response (30, 31) . Studies have demonstrated that both IL-1α and TNF-α are key molecules that induce the expression of several cytokines, as well as COX-2 (31, 32) . However, our study revealed that neither the minimum nor the maximum dose of 633-nm LED irradiation regulated the expression of TNF-α, indicating that, although the level of COX-2 and IL-1α was downregulated by this irradiation, the TNF-α-mediated inflammatory response was not regulated by this exposure. Notably, TNF-α expression is observed at very low levels in cultured keratinocytes and appears to play a lesser role in inflammation in vivo as compared to IL-1α (33, 34) . Therefore, it is noteworthy that irradiation with a 633-nm LED does not induce a skin inflammatory response, but rather exerts an anti-inflammatory effect in vitro.
Since extrapolation from the in vitro experiments to the more relevant in vivo situation is difficult, we investigated the effects of a 633-nm LED irradiation on skin inflammation in human skin explant in ex vivo experiments. A total of 33 skin explants from a Caucasian woman were obtained, and the possibility of a skin allergic reaction following LED irradiation was examined. We found that both the minimum and the maximum dose of LED irradiation resulted in indistinguishable changes in the level of allergic response compared to the control human skin explants. Therefore, our data indicate that irradiation with a 633-nm LED does not induce skin inflammation in vitro or in vivo.
In conclusion, we demonstrated that 633-nm LED irradiation exerts an anti-aging and anti-wrinkle effect on human skin through the upregulation of type 1 procollagen and the downregulation of MMP1 and MMP2. We also confirmed that this irradiation is not cytotoxic and does not induce inflammatory effects in human skin using both an in vitro skin cell culture system and an ex vivo human skin explant system. In addition, this irradiation did not induce keratinocyte hyperproliferation. Taken together, these findings suggest that the irradiation of human skin using a 633-nm LED may prove useful for the prevention and treatment of skin aging and photodamageinduced aging, although the clinical significance of 633-nm LED irradiation in vivo requires further investigation.
